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f
: The TIROS VII meteorclogica! satellite carried a sensor to

; map the emitted terrestria_ 2adiation in the !5 m_cron carbon

_ dioxide band. The spectr_ti respons_ of the sensor ranged from

$ • "¢ • _14 8 to 15.5 microns The radiation observed by the satclxl.e is

a function of the temp__rature_ of the atmosphere varying along the

, optical path. A%mospheric layers at various altitudes contribute

to the ob-_rved radiation in varying amounts. More than 9_ percent
t

Of this contribution stems _rom altitudes auove i0 km and more than

60 percent from a layer ranging in altitude from 18 to 35 km; thus,
%

the radiation measurements were interpreted in terms of average

., temperatures of a major portion of the stratosphere.

Temperature patterns were analyzed from June 1963 to March

_. 1964. The m_asur_ments demonstrate on a _iobal scale, the varying

patterns of stratospheric temperatures and circulation. Smooth

% temperature gradients were found to coincide closely with

latitudinal circles on both summer hemispheres. Temperatures

increased at high latitudes toward the summer pole (250OK) and

rapidly decreased toward the winter pole (ZOO°K).

A fairly uniform region wiLh temperatures generally around

230ox extended between 250 latitude of the summer hemisnhere and

i 400 latitude of the winter hemisphere during solstices, Durlng

both equinoxes, the large latitudinal temperature gr_,dJeni_ at

high latitudes disappeared and differences of about 10-15°K

existed with latitudes as well as with longitude, Winter tem-

7erature patterns in both hemlsphe-es exhibit strong temperature

• gradients between the pole and 40 °, but a completely uniform

: pattern never existed in either winter hemisphere, A warm area

! over the Indian Ocean, tho.gh initially s._all, seemed to play a

,_ similar role in the southern winter as the Aleutian warm center

: during ths northern winter. ThL morphology of a stratospheric

warming Thlch occurred over southwestern Asia and penetrated toJ

i Europe immediately after _he tropical belt had cooled by about
lO_K was observed.
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I. INTRODUCTION

A radiometer aboard the TIROS VII satellite measured infrared

radiation emxtted mainly by carbon dioxide in the earth's atmos-

phere at _;avelengths ranging from _4.8 to 15.5 microns. The

instrument in this measurement was very similar to the 5 channel

radiometers flown on previous TIROS sal:el!ites and described by

Bandeen, et.al._Reference I), except zbat one of til_ up_i_i

" chsnn_is wa_ modified to have a spectral response as shown in

Figure I_. The initial ot_ective of radiation measurements in

this region of the spec%r%_ _as to study the characteristics of

the earth's horizon as described by Hanel, et. al.(Reference 2)

i and later reported by Bandeen, et. al.(Ref_rence 3). Now, wlth

continuous observations over a perlod of more than six mon �˜�covering daily the global zone from 65 ° N to _50 S, it is possible

to use the radiation measurements to describe a number of inter-

esting features of the atmosphere. It will be shown that most of

the radiation reaching the satellite in this spectral region is

emitted within a defined altitude interval i_ the stratosphe2e

whose average temperature can be derived from the observed

: radiation intensities. Quas%-global maps cf these average tem-

peratures for different seasons not only reflect the expected

variations in the mean stratospheric temperatures, but also reveal

the development and behavior of majoi" synoptic systems in that

region of the atmosphere. A completp description of the 5

channel radiation experiment on TIROS VII as well as a critique

: and summary of all data resulting from this experimen_ will be

; containe_ in the TIROS VII Radia%ion Data Catalog and Users'

Manual (Reference 4).

II. RELATION _TWEEN RABIATION AND STRATOSPHERIC TEMPERATURES

The spectral response of the instrument was chosen to

coincide as closely as possible with the 15 micron absorption

band of carbon dioxide. The radiance _ fr_ the earth and
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atmosphere measL_red by the czdiometer whose spectral response

function ¢(_) is shown in Figure la can be expressed as:

_'- --JO __ = k,l_ ........'-" _s ""' " ....

where p = carbon dioxide density

B = Planck function

s = distance along radiation path

kI and k 2 = wavelengths between which ¢ _ o

p = atmospheric pressure

T = a%mospheric tempercture

._ _tmospherlc beam transmlsslvlty

It is reasonable to asstune that a constant ratio r = 0.000471

exists between Lhe densities p for carbon dioxide and 0al r :for

air: p = r Cair Furthermore, a number of typical distributions
_or temperature with height h for surface pressures of 1013.25 mb

were chosen so that Pair, p and T could be expressed as functions

of h where Pair and p were computed as a function of h from T by

the hydrostatic equation. A relationship between s and h,

s = s (h), was established through the choice of several _ngles

;_" Rt which the satellite at approximately 635 km viewed the earth.

The integration of (1) over k was then performed for seven

nadir angles, 0 °, :29° , 40 ° , 47 ° , 52 ° , 55 ° , and 58 ° . The function
+_- method described_ _ (_,h) was determined using, in princi_le, ....

_ by Banel, et. al.(Reference 2). That method is based on the

_ general treat_t _y Elsasser (deference 5) of the absorptign

within the 15 micron CU 2 band. Thus,

,,,,._-,,_.). d)_ = 1'(h). (_)
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C_

Hence, _-1 e(h) dh. C3)TT

i o

was then computed for each of the assumed temperature profiles

and for each nadir angle from (3). . The ass_cd tempe _-*_._....

distributions with height and the resulting distribution funcT;ions

" _(h) are sho_n in Figures 2a through 2c. In accordance wi_h

previous practices of reporting TXROS radiatio_ measurements

(References 4, 6-8) ]_ may be expressed by the temperature TBB

: of a blackbody whose radiant emittance W is given by:

k2

W = ._ _(X)E(TEB, X) dk -- _ (4)

k 1

indeed, since *_-_,_ radiometer; -.'ere _..._._°14h_+_a_.__,,_,g....... such b!ackbodies

.' at various temperatures, the measureme _t of TBB may be considered

' as the primary quantity while 1_ requires a derivation by means of

i _-ation (4:). The values of TBB corresponding to the telnperature

profiles of Figure 2a ar_ summs.rized _n Table I.

TABLE I," COMPUTED HEAN TE_PEI_LTURES (TBB) EXPECTED TO BE OBSERVED
BY 15 MICRON RAD_MI_R FOR TEIIPERATURE PROFILES
SHOWN IN FIGL_ES 2a t_T NADIR A_NGLES OF 0 o AND 58 ° .

_ Nadir High Let. Hj.gh La_ High Let

An_le Tropical 3ummer Winter Cold Winter Warm

0° 227 ° K 238 213 229

' 58 ° 231 240 2],4 231

._ The radis2ion measurement expressed by TBB thus represents

•: a mean temperature of the atmosphere in, which the vertical

[ temperatu._ dis_ribution is open to choice and where the tem-
i perature a each altitud_ must be given a different weight

|

_ _3 _

!
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regarding its contribution to the measured laean The we_.ghtlng

f='nction is given by _(h), _%nd aith_ugh _,'h) depends tn a certain

a_._=o_b_o:, %h_.....a_su_ed vertical temperature_ pvo%ile, i% may be

seen that for most realistic temperature profile_ a% a nadir s.ngle

= O _Figure i_), temperatures between 20 ruld 25 F_m are weighed

most heavily with _bou* 65 percent c. the weight bein_ co,_ue_t_at_d

in the regio, from 15 to 35 km and more than 96 percent of the

weigh_ lying Kt :R!tifudes above l0 kin. It may, also, be s£ n fl-c_u

Figure 2c that £he maximum weight shifts to som_-iat higher

altltudes for a nadir angle of 58 ° . But, since this shlf* amounts

to less than 5 km from _ = O to _, = 58°_ it is not possible to maxe

a precise quantlta%ive determination of %he variation of temperature

with altitude fro_ measurements of TBB at various nadir angles.

Ho_ seer, it will be shown in the section below that from such

measurements one may infer qualltstively whether th_ temperature

is increasing, decreasing, or constant with height over the

altitude range where the _ x nctlons rea ;h their maxima. Further-

more, with a p_-dent and realistic choice of assumed vertical

temper_tur6 profiles, such as shown in Figures 2a, one can easily

determine from the TBB measurements which one of these profiles

represents the best fit qualitatively to actual conditions at a

certain loc_tlon on the glebe and) more important, one -,ay

determlnb fro_. continuous obsexwations how the choices of such

"best fits" vary wlth time. Thus, the maps of TBB measurements

plotted for the "quasi-global" (65 ° N to 65 ° S) zone for

different times of the year, presented in Figures 3-12, ehable

the synoptic an%lysis of phenomena related to the temperature

structure in the stratosphere between about 15 and 35 km. The

occurrence of such events as exploslvu warmlngs, the establish-

ment of the Aleutian anticyclolte in winter, the onset of the

seasonPl circulation reversals and similar events may be

categorized as s_ch phenomena. Although tie TIR_ eli _lliemeter
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views th. c.,_. �°�¬�glcb-Izop. froln £5 ° _',. .o 6 o S during he c:,.rse

of 12 r._urs, aata fr_,m only about 60 per ent of the orbits durtn_

any one day c_n be .acquired bea:_.u_-eoniv "rations within the ut,i _eq

Sta!:e_ are e .pmble of receiving t_:_ data _hic.h ar_ stol'ed board

the satellit for no longor thap one orbita] period. This &u_es

two significa._t gaps in the d_.ta displayed i] the maps_ Figures

3-12. One such gap exists at Ju- W just off t:__ w_ u_ of

South America, the other is at 90° E over the central Soviet Union.

As will be stated in the TIROS Vll R_.diation Data Catalog

and Users' Manuti (Reference 4) the precision of each individnaT.i

7 measuremer " is probably not much better than +?°K. Ho_eve_, o_,e

may _ssume that the physical properties of the stratosphere

remain generally constant for several days and are uniform ov_r

_ distances o'f less than 500 km. Since the field of view of the

radiometer is about o degrees, covering an _rea of about 50 x 50

i! km on the sub-face of the earth for small nadir angles_ and since
?

in _eneral measurements for the entire quasx-globe are obtained at

least -nce every 24 hours, up to about i000 measuremer:*s may result

within one 9:eek within an area of about 500 x 500 k_&. Thr_refore,

a precision of better than l°K can be .stimated for the temperature

values shown in the maps, Figures 3-9 and 11-]2, which we_e

obtained by averaging measurements within each grid _.'-c .....

/ (ranging from 5° l.-.titude x 5° longitude at _he _quator to 2.5 °

, latitude x 5° longitude at 60 ° latitude) over the period of one

week.

: Although the precisio_ _f t._. +_mperature measurement is

i _reaIIy enhanced by reducin the random error in the a_eragirog

, process, there are a number of systematic errors which mu_t r_e

: ,cgnsidercd. I% has been attempted to reduce these errors by

i applying the _ppropriat_ correctionm, but uncertainties _til|

: remal.n, causing the overall _ccuracy to be considerably poorer

' than the fractlen of l°K stated for the precision. Aside from

, correcting for an instrumental degra lation which will be dis-

, cussed later, a correction was _pplie_ to the ,_._..._, for an as
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yet unexpl_ined deviation front the original preflight c%librAtion.

Th_ radiometer. _hich aIternatingly views the e_,.rth %hrot-, one of

two viewing ports showeQ that & consistently lower respunse on

one of these-_ .... _''_vx_w.,,_ pOrtS _vi%h respect to the other were

apparently causing h&If of the measured temperatures ,o be too lo-_r

and half %o be to,. high. According to the preflxght c'&libra%Ion,

there shc_uld be no such difference. Fox lack of a totter

correction _%-ocedure, the difference between _he temperatures

measured through the two viewing ports o%-er the same area at the

same time were determined for zll cases QhOwn in the maps in

Figures 3 through 12. Te_peraZures for %he lower side were then

corrected upward by half this difference, while these for the

higher side were corrected downward by the same amount. Total

differences were Kenera!!y 5 to S°K__ so that the corrections

were in the order of 2.5 to 4°K.

The maps were prepared from the magnetic tapes (FliRT's)

containing all the TIROS VII radiation d_ta (Reference 4) by

an IBM 7094 computer ,_:ndcontour lines were drawn manua%ly. This

mapping procedure was th_ same ns the one used in previously

published similar maps (Reference 9).

ill. ANALYSXS OF ST?_TOSPHERIC TEMPERAT[_ES, JUNE 1963 TO
MARC_I 1964

Ao 5olstice o_-_ 1963

A typical temperature pattern at the start of the

northern hemisphere summer and southern hemisphere winter for _:he

quasl-gl-h3 is shown in Figure 3a. _tratospheric mean tem-

peratures averaged over nadir angles between 0° and 4n O and

avers god over the week from 19 June to 25 June, the first week

of TIROS VII, range from 240°K near 60 ° N to 215 ° near 60 ° 9.

The generally zonal structure of the temperatule _attern, with

isotherms running practically parallel with latitude circles,

confi_s the established knowledge of the phys_ of the lower
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stratosphere; namely, the existence of ,_, very strong cyclonic

clrc_xa_xon system around a low pressure core centered near the

winter pole. This low pressure is caused by the intense cooling

c:f the s_ratospheve over the wi * .....n_._ pole. Conversely, s.n_i-

cyclonic circui._tion prevails over _he s,muner p 1__ where solar

h_.._ _,,_ _ w_rm _:v_o_n_c,_e resu!tin_ j _ a high pressure

system. The predominantly zonal isotherms at _igh northe,_n

:i latitudes (summer) suggest that solar heating i_ primarily res-

posible for this pattern. At high southern latitudes (winter)

however, there are slight but apparently significant disturbances

i. in this zonal pattern. Isotherms over the South Pacific between

! 30 ° S and 60 ° S deviate from a perfect zonal course; they show a

i definite slope from the southwest to the northeast in that area.

Temperaiures increase rapidly from the winter pole toward the

equator causing very steep temperature gradients with latitude

in the winter hem!sphere. A temperature of about 230°K is

reached near 2D ° S. From there to the summer pole, the temperature

'i increases gradually, and the gradients are not as steep _s over
<

the winter hemisphere. This is expected %nd it demonstrates

clearly "ths.'cthe winter cyclone is cono:_erably stronger than the

sthnuner anticyclone. The measured _lean temperatures of 21[°K

near 60 ° S and of 24,0°K near 60 ° N agree reasonably well with the

;, computed values of 213 ° and 238°K respectively (table I) for the

temperature profile_ for high latitude cold winter and 7_unmler

shown in Figure 2a. The measured temperatures of 2300K within
2

! the belt 40 ° S to 25 ° N are 3OK higher than those computed

(Table I) for the tropical temperature profile shown in Fig,_re 2a.

This disagreement with the computation seems to be consistent
o

with the cases at 60 ° N and 60 ° S where the measured temperatures

,f were 2oK too high. The reason for this consistent discrepancy4

J could be due to a number of assumptions contained in the radiative

,i transfer calculations which may have resulted in the computed

i values of TBB being several degrees 'too low."I

i _7 _
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A coarse picture of the temperature gradient with altitude

ca'4 be obtained by comparing Figures 3a and 3b. In Figure 5_,

•......_-+,._ uea_red at nadir angles between 52 and 58 degrees

were _lot._ The weighting functlon._; in Figures 2b %nd 2c show

that all messure_ner_ts shown in Figure 3b reflect tempe-'atures at

altitudes approximately 3-4 l_m higher th._x th_ ,_mp,_:_,_ .......

in ure 3_. TDus, comparing ure_ ,,_ _.,_ ._., ........

dlstin&_/_b th, ee cat6gories in the temperature profiles:

I. 1ncre_cZng temper_tu#es with altitude between 15

and 35 km %'hex'e !be measured '_emper_ture differences are positive.

_. Decreasing temperatures with altitude between 15

and 35 km where the measured temperature differences are negative.

3. Esother___ regions "_tween 15 and 35 km if the

temperature differences _-e close 1:o zero.

It can be seen that differences of about +2°K occur in the tropics

where strongly positive temperature gradients with altitude pre-

vail. This difference sgrees reasonably well with the values

calculated for a tropical profile (Table I). Over the higher

northern latitudes (summer) moderately increasing tempe=-atures

with altltude and over high southern latitude _ (winter) isothermal

temper: _ures are suggested. Th-.s is in fair agreement with the

calculations (Table I).

, B. Seasonal Reversal, September - October 1963

As the solar illumination gra_aally becomes symmetrical
t

with respect to northern and southern hemispheres during September,

1963, temperature patterns at high latitud_s markedly reflect the

resulting change in solar heat input. In some areas, this change

takes place rapidly while other regions undergo a much slower

transition. During the first two months following the _olstlce,

there were practically no temperature gradients along any given

° latitude circle in the northern hemisphe=e; but stro-_ longitudinal

temperature patterns begin to develop now during the transitional

season, especially after the September equinox. During July and

L
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'_ il I "" _ _,,,._diIW_}.'lK" : i i p i ! m id _ , " .,,i | _ _,a

August, the temperature patterns remain essentially the same as

those during 19-25 Jun_, shown illFigure 3a. There is one

important change r however, which exhibits the same character-

istics as similar changes observed on measurements in other

spectral regions in previous TI_OS satellltes (References 7 and

_: 3). All measured temperatures over the entire world seem to

decline during the first three weeks of obser_-atiou. It iS

' extremely probable that a gradual degradation in the response of

the radiometer is the cause for this decline. By mld-July 1963,

the magnitude of this sensitivity decrease is about 7°K. After

that, the degradation seems to have leveled off and continued at

a much lesser rate. An approximate time history of this

! instrumental degradation based on the preliminary information

available at this time is given in Figure lb. A more c_plete

' version will be given in the TIROS VII Radiation Data C_talog

and Users' lanual (Reference 4). An appropriate ccrrection based

on Figure lb. should, therefore, be added to all temperature

measurements quoted thereafter and shown in the maps, Figure 4 to
12. Although this degradation leaves some uncertainties in the

! exact absolute magnitudes of the temperature measurements, it

does not appreciably affect the ability to assign the appropriate

temperature profile (Figure 2a) to a measurement at a given

location or the implications drawn fr,_ the distribution of rela-

tive temperature patterns.

The first indication of any significant change in

the pos_ solstice temperature pattern occurs during the week

28 August to 3 September: the temperatures at high northern

latitudes decrease by about 5°K to a temperature of about 228°K

-i (+7 ° correc_ion) at 60 ° M. At northern mid-latitudes (20 ° - 50 ° N)

there is also a slight temperature decrease from tbe m_mmer

(19-25 June) conditions. Howsver, here this decrease does not

tnke place uniformly at all longitudes. There are pocket-like

-9-
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regions wnerp warmer te_ peratl," as sepm to persist longer than over

nt_ _- _gio:._ causing sc_e inh_nogenelties in contrast to the

' , _iform _onal patter" e_served in Jm_e. Going southward,

cemperaZu_ in general decrease very gradually from about 228 +

_ __nn N *_ -_^" �oo__ 70y _+ _C10 .q w_¢h f.h_ l_tter tem-7°K _t _v ................................

peratures prevailing over most of the zone from about 25 ° N to

40 ° S. From there s._nthWard temperatures decrease rapidly with

latitude. Thus, the remainder of the southern hemisphere remains

essentially unchanged, still reflecting typical winter conditions

(205 + 7°K at 60 ° S) except for a warm region of 225 + 7°K, which

developed during later winter over the Indian Ocean between 40 ° to

50 ° S. The disturbance noted during June at these latitudes over

the western South Pacific has grown throughout July and early

August, and a warm region extends now over the entire indian Ocean

showing a detinite longitudinal pattern. For example_ _ueratures

over the southern Indian Ocean at 60 ° S are aDou_ _do .L ,¢_. At

the same latitude over the Atlantic and central Soutb t tfi_,

temperatures are 213 + 7°K and 203 + 7°K res_c_;iv_ly

During September, the European and W6sz As" ..._ _..)rtions

of the northern hemisphere _nd parts of North America begin to cool

off rapidly. There temperatures at 60 ° N have cooled to about

223 + 7°i[ while over the northwest Atlantic and North Pacif_

somewhat warmer temperatures still prevail (228 + 7°K) during the

week of 11-18 September (Figure 4). At the same tiJe, the break-

down of the winte_ over the southern hemisphere Is gaining impetus.

i The same, even intensified longitudi_al patterns as observed in

AuL-Jst are apparent. Temperatures lu the Indian Ocean wa_n area

_ amount uo to 234 + 7°K This area has now spread out betwee. _,he

longlCudes of 95 ° to 180 ° g along the 50th parallel,yet temperatures
at this latitude over the South Atlantic and the eastern South

! Pacific still remain relatively cold (220 + 7_). Temperatures at

j!_ low and mid-latitudes, in general, range arouna _25 + 7°_

(Figure 4).

-10-
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The week followin$ _he equinox (25 September -

1 October) shows that the temperature gradients between the two

hemispheres (Figure 5) h-_ve reached their minimum during this

trans_.tion period. With the exception of the very waz_n region at

50-55 ° S over the Iudian Ocean reaching maximum temperatures of

236 + 7°K at 70 ° E temperatures over the entire quasi-gl_be are

..... 1 ...... +_-+ o+ 9_ + 7oK It is significant to note that at

most longitudes the temperature gradient along a given latitude

; belt can now be muc_ greater than gradients between 60 ° N end

60 ° S: temperatures along 50 ° S vary from 236 + 7°K at 7G° E to

223 + 7°K near 170 ° W, while along the 180th meridian, for

inst_nce, temperatures at 60 ° S are about 222 + 7°K, at 60 ° N

about 228 + 7°K and at the equator about 223 + 7cK. This is

total variation of 6°K al_ng the meridian compared to a variation

of 13OK along the 50 ° S parallel (Figure 5). The phenomenon of

very pronounced temperature differences between the Indian and

Pacific Oceans at all latitL_e_ between 40 ° S and 65 ° S persists

during the entire transition period _rom winter to summer. The

maximum temperature difference is about 15°![ throughout this tl_e,

, with the Indian Ocean area showing the warmest and the eastern

South Pacific showing the coldest temperaturos (Figure 5). This

phenomenon first appears in large scale during the middle of

_ugust and lasts un+ll about 20 October. During early and middle

October, the eastern portion of the southern hemisphere (40 W to

120 E) is relatively warm (230 + 7°K at 60 ° S) ,ith a warm center

of 234 + 7°K at 80 ° E, while the western portion remains

relatively cold with the cold center at 220 + 7°I[ at 170 ° E.

. During late October, _he week of 23rd to 29th, the entire southern

hemisphere finally achieves a typical summer temperature pattern

with wide and uniform latitudinal temperature belts ranging from

about 230 + 7°K at 60 ° S to about 225 4- 7oK at 30 ° S. There is

! a uniform belt with temperatures of almost egact_v _25 + 7°E

I between 30 ° g and 30 ° N. Over the Atlantic. W-ur, _e _nd Western
i
!

]

! -n-
I
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Asia, temperatures drop rapidly from 225 + 7°K at 30 ° N to

215 _ 7°K at 60 ° N, while over the Pacific they remain at 225 +

7°K up to 60 ° N.

During the entire fall transition period the north

u_f4._ p_e__ hu_s .nt c_)lod off _ ranidlv as the res't of the

northern hemisphere and in general remains warmer throughout much

of the winter. During the course of October, this pattern

intensified whereby temperatures in all northern regions except

over the north Pacific and eastern Asi_ c_utinue to decline.

Finally, at the end of October, as stated above, the northern

hemisphere shows a typical w_ter pattern with the same tight

gradients with latitude as observed three months previously in the

southern hemisphere. At 60o N, temperaturee are uniformly cold

(215 + 7oK) over Eurasia, the North Atlantic and North America,

but warm c_r Alaska and the Bering Sea (225 + 7°K). The global

picture do_s not change appreciably between the end of October

and the week 20-26 November shogn in Figure 6. Although the warm

area (224 + 7°K) over the North Pacific has somewhat diminished

in size compared to the end of October, and it is now located over

the Gulf of Alaska, the isotherms over that area still show a very

definite departure from a zonal patt£rn and run northwest to

southeas _, over North America and northeast to southwest over east

Asia. While _emperatures are still uniform with latitude over the

Atlantic and Eurasian continent and range from 213 + 7°K at 60°N

to 225 + 7OK at 40 ° N, the summer temperature pattern in the

southern hemisphere is perfectly uniform with latitude and tem-

peratures range from 235 + 7°K at 60 ° 8 to 22S + 7°K at 25 ° S

_ (Figure 6) . This pattern is identical to the temperature pattern

during June, however, with northern and southern latitudes

reversed.

-12-
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C. The "Aleutian Anticyclone"_ December 1963

An unexpectediy warm stratosphere occurring as a

regular climatological feature during winter in the general area

of the Aleutian Island chain has long been recognized as the cause

of a _trong anticyclonic stratosphert,c circulation system in that

area (Reference 10). Such circulation £s unusual because in winter

one would expect a very cold s_ratosphere resulting :n a cycionlc

circulation symmetric around the winter pole. Indeed, this cyclone

exists, but in the northern hemisphere during mid-winter it is

strongly disturbed and displaced by the Aleutian anticyclone. The

morphology of this stratospheric warming over the North Pacific

has received much attention in the past and a number of theories

have been advanced attempting to explain its origin on She bast_

t

j of dynamic processes (Reference 11). The satellite temperature
,]

measurements made It possible to follow the variation of mean

temperatures In the lower stratosphere over this entire region

: throughout the winter of 1963. Figure 7a shows the temperature

measured by the satellite be_een 40° W _nd 160 ° E and 20 ° N and

: 65 ° N averaged for the week from 5 to 12 December. Globally, there

is practically no change from the pa_terns shown in Figure 6,

: except that the warm North Pacific region, whlch previously had

remained at higher temperatures because it simply cooled s!ower

than the other _._as, has now actually warmed between the end of

November and early December. It is centered at the end of the

Aleutian Island chain and stands out clearly with temperatures of

232 + 7°K. An analysis o_ temperatures at the 30 mb level from

conventional radiosonde observations analyzed and _btalned from

the Freie l_tverettaet Berlin for the same area and time I$ shown

in Figure 7b :for compartsgn. Th_ excellent agreemen_ in the

patterns between the two maps can serve as a measure of the validity

of the satellite data. As can be seen from Figures 8_ 9, 11, and

12, the Aleutian warm region is a permanent feature of the entire

winter from the week of 5-12 December on. H_wever, although
t

=13-

1964019016-017



?

temperatures within %he warm center had not shown an actual

increase until 5-12 December, a warm area in one form or a_othe_

was present since the end of svmmer over the North Pacific as

and 6 This means thatdescribed above and shown in Figures 4, . ,

• +h4= the winter anomaly over the Pacific,

variable in extent during early winter, grows directly out of _he

summer conditions without ever reaching as low temperatures as

other portions of th_ northern hemisphere do. Although, during

early December, the system takes on a more permanent for--and

location and intensifies somewhat, it ortginat_u ,Lot because of a

sudden heating phenomenon during winter, but simply because it

refused to cool off at the end of summer. Nrturally, there must

be a mechanism to maintain the higher temperature during winter,

while other regions at equal latitudes cool rapidly. It should

be noted that those dynamic mechanism_ which would h_ve _"_ " ....

on the existence of the complete ¢inter cyclone could not explain

the warm regions which already exist even before the cyclone is

" fully established. It might be interesting _o investigate

mechanisms by which the warm regions can be maintained throughout

the winter by absorption of infrared radiation.

The satellite measurements show that the situation in the

northern hemisphere is actually _ot vastly different from the

southern hemisphere where a warm region over the southeastern

Indian Ocean, though not quite as intense as the Aleutian one,

persisted throughout the winter and then spread to make one half

of the hemisphere almost 15°K warmer than the other. In the

:_• northern wintery almost a mirror image of this proces._ occurs:

the, Y'P¢lflc is warm and the Atlantic and Eurasia are cold_ while

_ in the south the Pacific J.s cold and the Atlantic and Indian

Ocean areas are _arm. In the north, the temperature gradients

t_stWeen warm and cold reglons are somewhat greater (about 20oK
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, between 180 ° W and 40 ° W at 60 ° N). Of course, so far satellite

dat& exist only for the se&sonal , icle 1963/64, and the obser-

vations described here must be tested by experiments in futur3

years o

D. Solstice, December 1963

Between November 1963 and the middle of January 1964,

• the're is very little change from the temperature patterns shown in

Figure 6. As discussed above, the Aleutian warm center becomes

somewhat stronger and quite stationary during early December and,

in contrast, the Atlantic and Eurasian cold regimes remained

unchanged with very tight latitudinal temperature gradients and

isotherms aligned with latitude during the week 15-22 January

1964 (Figure 8a). It is interesting that the temperature
|

difference of about iS°K between 60 o N and the tropical belt _zer

the eastern portion of the northern hemisphere is less than

the longitudinal temperature difference between the Aleutian

warm center and the North Atlantic at 60 ° N. A similar situation

existed in the southern hemisphere at the end of winter (Figure 5);

but during the _,olstice, the Australian warm area did not extend

to such high l_i%udes as the Aleutian area .does. As shown in

Figure 8a, the mid-latit, ude and tropical r_gions have cooled

considerably; and the temperature between 25 ° S and 40 ° N is nr_v

about 218 + 7°K, while earlier temperatures in the same zon_

ranged near 225 +,7°1(. This remarkable cooling over so wi.e an

area is particularly significant since it precedes by about one

.. week the occurrence of a stratospheric warming over western

Asia. Instrumental degradation cannot be responsible for such a

temperature decrease, since Figure 12 aoes indicate higher

temperature again in March. Also, ever since November tempera_ures

i at high southern latitudes remained u_changed. Relatively
moderate and very uniform temperature zonal temperature gradients

exist at all longitudes. Temperatures at 60 ° S are 235 + 7°K.
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Temperatures of 2al + 7°K at 50 ° _ and of 206 + 7OK

at 60 ° N (eastern portion only) are compatible with the computed

temperatures of 238 and 213_ respe_tlveiy for the "summer" and

"cold winter" profiles (Table I). Temperatures calculated for

the "trnp!c_l" pxofile (221OK_ Table I) are about 2°E higher than

those measured in the now cold mid-latitude belt (218 + 7°E)

Eean temperatures of 232 + 7°K in the center of the Aleutian warm

region measured during December suggest that the average tem-

perature of the stratosphere in the 15 to 35 km region was about

12°K higher than that shown in the '_arm winter" profile of

Figure 2, which yields a mean temperature of only 229°K (Table I).

Of course, such a temperature profile in this particular altitude

region is merely postulated since, for example, a low aver:,,;e

stratospheric temperature of 205°K in the altitude region from 15

to 35 kin, such as shown in the "cold winter" profile, Figure 2a,

could be balanced by an extraordtv_rily high average temperature

of 300°K in the region from 35 to 60 km to produce the measured

radiation temperature of 239°K. But, such a temperature profile

is much less probable than the one postulated. The validity ,f

the assumption of an average stratosphere temperature increase of

12°K between 15 and 35 km is also suggested by comparing the

satellite measurements at low nadir angles (0-40 °, Figure 8a) to

those at high nadir angles (52-58 °, Figure 8b). Temperatures

over the Aleutian warm area are practically the sr_,e at both nadir

angle ranges indicating a nearly isothermal or at lea_t a very

slowly varying temperature gradient with altitude in the region

where the weighting functions ¥(h) are at their maximum (15-35

km, Figures 2b and 2c). A temperature profile such as the one

mentioned above wlth a mean teml_rature of 265°K between 15 and

35 km and 300°K between 35 and 60 km would produce a difference of

9o1[ between the radiation temperatures measured at 0 o nadir and

" at 58 ° nadir angle. Figures 8a and 8b, however, indicate no

temperature difference at all over the Aleutian warm area. Thus,
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one finds that the difference ,, the mean temperatures :tween ]5

to 35 km level and the 35 to 50 km ],_vel cannot be excessivel_

large, and wi*h that restriction, a temperature increase oi" 10°K

for the stare _rd "warm winter" profile from 15 to 35 1_. follows

for the North Pacific area. Similarly, one finds that t_re is

no .empe_u_e differences for the two n&dir angl_s ,""_r the

sor_n A_lantiD _dd Nori, h_z'_ Europe (F_s_ u_ _,_ _, ........._....

well with _he ¢alcuiated differences ef IOK for the "co. _ wznter"

profile, the larger temperature differences over the tropics-the

, 220°][ is _therm is about I0 ° further north in Figure 8b than in

, Figure &a-indicate the rapid tempelatu. _ increase wilh altitude

above 15 km and agree well with the computed difference of 4°K

for the "troplc$_l" profile (Table X); while the calculated values

of 2S8 and 240_K for "high latitude summer" _Table I) agree well

wlth the observed temperatures ( 7° correctio,.> and temperature

differences between 50 and 55 ° S.

This picture ha_ changed considerably _uring late

January (Figures lla add llb) where temperature differences at

mid-l&titudes and in the tropics over the entire e_stern hemisphere

are as high ss or exceed %he differences observed previously within

t_e tropics. Such large differences exceeding 5o2( extend F,arti-

cularly into North Afric.%, the eastern Mediterranean and the N_ar

East (Figures lla and llb). This indicates that neither the

"tropical" nor the "s_e_" temperature profiles (Figure 2a)

-- *........+ ..... at 15 km must beapply in this _se. _,, that area, _mp_.L_._

somewhat higher than those g:[ven by the "tropical '_profile; and

there must be a proaounced in zrease of temperature with al_itude

resulting in a very warm upper stratosphere, i.e. a very siren E

! ve_*t_:l temperature gradient between the lo_,r and upper

stratosphere. It is significant that this change has o_"curred

over the area into which the sudden warming, described below, has

moved in its decaying sta_es.
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E. _udden _&rming, January 19£4

Tb_ type _f temperature measurement from a satellite

desex%be4 here "_c_sexpected to be _,ost usef_,l for th_ _^^._utlon of

%h_ occu_ren_ &nd thf_ observation of the _havior o • st _ato-

sphelic warmings. These v,_rmlngs were first observed _-er

_P__r!in hy Scherha_ (Reference 12) and have since then been the

3ubject of i_nsive observation and an&lysis (Reference °_i_.,. The

sudden warmings have now been observed almost every year dur%ng

the northern hemisphere winter _-d, during their occurrence, the

lower stratosphere over a limited area may be heated by as much

_s 30OK wizhln a few days. Causes for such warmings have thus far

not been explained. In contrast to the Aleutian warm center

described ahove, the sudden warmlngs show no regularity in their

time and location of occurrence. Xn order to be detectable by

the TIROS radiometer; the warming must occur at altitudes between

15 and 35 km, or, if tt occurs at other levels, it must be

unproportionally intense. Calculations based on the '_arm winter"

temperature profile of Figure 2a show that s uniform temperature

increase of 12°K between 15 and 35 km will i, crease the radiation

temperat,lre by 10°K_ while a similar change of 4_he temperature

profile between 34 and 44 km will cause a rise in the radiation

tempe,a%ure of less than l°K.

A number of small and weak warmings occurred o%er

America and Europe during December 1963 and January !964, but

those _ not penetrate to altitudes below 30 km (Reference 14)

Therefur,., they could not be detected by the satellite. During

ihe last week of January (S2-29), however, a warming of apparently

moderate intensity occurred over the reglcn of the Caspian Sea,

extending between the Himalayan Mountains and the Black Sea

(Figure 9a). Radiation temperatures over that area have increased

by about 8°K ov,_r the previous week (Figure 8a). During that

week (15-22 Ja_aary), there was pr_ctically no indication of _ny
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distsrbance in the perfect lutitudinal temperature structure

over that _-egion, except perhaps for a very small area over Iran

where a temperature increase of about 2-3 degrees could be

observed; but in the high nadir angle measurements, there is an

indication of increased temperatures over South Central Asia

(Figure 8b) ini'erring that the subsequent warming might have

Unfortunate].y_ the warming developed in an area where no con-

ventional meteorological da_a at these altitudes are avai]able,

-_ and the satellite observations provide the only method of.,_
analyzing the event. Furthermore_ even the satellite observations

are limited in coverage, since this area is located near the
f

: data gap over the central Soviet Union which exists because of

•_ the particular geometry of the data readout stations for TIROS

•_ _see above). The satellite data were, therefore, ana],,zed for

individual days of 22, 24, 25, 26, 27, and 29 January. These

' daily analyses showed thut the temperatures within the warm center

: were as high as 230 + 7°K on. 29 January, but because they extended

only over ve_y small regions ac _. because of the motion of the

center from day to day, these high temperatures became obscured

in the weekly averages (Figure 9a). The first definite indication

of the warming _curs on 22 January, _here a small and relatively

weak war_ center of 225 + 7°K appears over Pakistan, Afghanistan

and _.astern Iraa. This is a_Ire_dy a lew degrees higher than the

average temperature over the same area for the preceding week of

14-22 January (Figure 8a). _wo days later on 24 January_ the

warm region had spread out somewhat to the north, and _he center

had also moved in that direction but had not significantly

intensified. On 25 January, temperatures of 225 + 7°K range over

the entire middle East extending as far eastward _s central

China. The center is now just east of the Caspian Sea and has

just barely reached a temperature of 230 + 7eK. On 26 January,
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the same s_.uation prevails with the center becoming slightly

warmer and larger. On 27 J_uauar_,, the center has grown consider-

ably lar_er _nd temperatures of 230 + 7°K_ extend over _n area of

at leas% 30 ° longitude and i0o latitude northeast of the Caspian

Sea. The 225 ; 7°K isotherm has &dvanced to a l&titude of 500 N,

c&usiilg a tremendously tight temperature gradion% over northern

_urope where temperatures increase by more th_n 20°K from southern

Norway to the Black Sen. D_ to the warming, isotherms have been

tilted to follow a course from southeast to northwest i_stesd of

the perfect eas_i_esterly direction still prevailing on 22

January. Finally, on 29 January a warm center extending over I0 °

great circle arc with te_perat,_res o_ _30 + 7°K stretches from

the Black Sea cas_w&rd _.o China. One 225° isotherm new runs

east-west along the 40th parallel between 40 ° E and 80 ° E. The

other runs southwes_ to northeast from the Black Sea to about

50 ° E and 55 ° N. The center is located near 65 ° E and 50 ° N.

This situation is summarized in Figure 10 which shows that on 27

January the radiation temperatures had increased by 15°K over the

averages for the week 9-15 January near the center and that the

periphery of the warming extended as far west as the North Sea,

a-.d the Atlantic and as far south as North Africa and Arabia.

i Figure lla shows that during the week 31 January to 8 February

_ the warming had passed its climax. Rather homogeneous temperature

patterns with latitude return over northern Europe and eastern

Asia, but south of 40 ° N a broad warm area of _bout 223 + 7°K now

covers the entire region be_een 40 ° N and 25 ° S latitude and

II0O W and 80 ° _ longitude (Figllre 11a). This means that the

_Id-latltude belt which had cooled so drastically before the

warming had been restored close to its normal temperature of about

223 + 7°K between 25 ° S and 40 ° N. Figures 8, 9, and 11 show that

the Aleutian _'_rm center had re=atned undis£urbed durinE the

entire period of the warJing. On 30 January, _he war, rig was
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detected by a radiosonde ascent over Berlin_ the only one available

for this analysis (Reference 15)° This rs.diosonde temperature
;

profile, when compared to a prewarmlng profile _.hows that the

warming over Berlin occurred primaril] above 30 }u_. For the week

of 22-29 January, temperatures at high nadir angles are about _.°K

higher than at lu_ nadir an_ies not only over the warm center, but

also extending far beyond %he center, par%iculaxly _uL,_-"..... _-_.,_

i southern _d western Deziphery of %he warming (Fiwares 9a and 9b).

This means th&t over the center temperatures have increased not{

only iD the lower stratosphere but more so in the upper strato-

sphe_ _ The much greater extent of the warming in the high nadir

angle temperature patterns compared to the low nadir angle patterns
"m

" suggested that along the western and southern periphery the warming

_ occurred only in the upper stratosphere. This confirms the above
!

mentioned radiosonde obsel_atlon over Berlin. Since the much

larger warming (13°K) in the center would require an unreasonably

large temperature if the warming were confined to altitudes abow_

J 30 km, and since such a strong vertical temperature gradient would

'_ be clearly noticeable as a much greater temperature increase at the

large_" nadir angles, it must be conclude_ that the warming near

: the center penetrated to much lower _!titudes where the "i' fenctions

are at maximum. If the warming occurred uniformly at altitudes

from 15 to 35 km, a temperature increase of about 15°K would

satisfy the radiation measurements. Such an increase is quite

_i commensurate with a moderate stratospheric warming.

• F. Equinox, March 1964:

The global temperature structure undergoes a major

change during the period from early February (Figure lla) to the

week uf 18-9.5 March shown in Figure 19. The steep zonal winter

time temperature gradients a% high northern latitudes, particularly

over the eastern hemisphere as well as the zonal s,lmmer pattern in

the southern _emisphere have disappeared. The southern hemisphere
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has cooled considerably, and parts of the northern hemisphere

have warmed. This results again, as during the September equinox,

in an almost constant temperature over the entire quasi-globe.
P

In fact, temperature gradicnts, longitudinally or latitudinally

are even shallower than during September. Over the eastern

Pacific, there is no temperature gradi£nt at all between 605 S and

60 ° N, with temperatures of about 223 + 7°K prev_iling at all

latitude_. As the southern hemisphere cools, a temperature

gradient along $0 ° S seems to develop similarly as during the

previous winter. The South Indian and Atlantic _ceans are now

about 5°K warmer than the S_-th Pacific,

la the northern hemisphere near 60 _ the North

Atlanti_ and northeast North Americ_ have warmed _idly by. about

20oK since February, while the region east of the black Sea,

where the sudden warming occurred in January, has returned to its

pre-warming winter temperatures of 217 + 7°K. Temperatures in

the Aleutian region have remained practically constant throughout

the winter and are still at about 228 + 7°K. This produces

temperature differences of about 10°K between the Atlantic and

Pacific warm regions and central Asia at 50 ° N. That is the

largest temperature difference found during this equinox

(Figure 12). Since these data hzve been reduced only very

recently, there has not yet been an adequate opportunity to

analyze the January to March transition as thoroughly as the June

to October period. Such an analysis will be made in the future.

IV. CONCLUSIONS AND StmiAR _

Satellite measurements of emitted radiation i_ the 15 micron

carbon dioxide band have demonstrated that mean temperatures in

the lower stratosphere can be mapped on a global scale, By

cOmparing measurements at high and lo_' nadir angles, a quali-

tative inference can be made abodt the vertical temperature
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gradient between the lower and upper stratosphere. Ana%ysis cf

: global temperature [-_tterns from June 1963 to March 1964 revealed

that temperature patterns in both hemispheres remain relatively

undisturbed during summer. These patterns are oriented very

precisely along latitude circles with the temperature maxim_

occurring at the summer pole. Near maximum temperatures are reached

in the southern summer about one month after _i__ equinox. After

that, temperatures increase only slightly through the solstice

and remain high until the next equinox. The northern summer

could only be analyzed through its peak and declining phases, June

to September 1963. Temperatures decline very slowly during the

first .+we months following the solstice. Then, a rapid decline

occurs Just before the equinox. During both equinoxes, tem-

: peratures were relatively uniform and differences of about lO-15°K

may exist both w_zn A_titude and longitude. Winter temperature

patterns in bc_ h_mlspheres exhibit strong temperature gradients

between the po_. Rna 40°, but a completely uniformpattern never

@xlsts in eit,,er wxnter hemisphere. A fairly uniform region with

temperatures generally aicund 230oK extends betwee- ?5 ° latitude

of the summer hemis_n_fv _ad 40 ° latitude of the winter hemisphere

during solstice. The satellite measurements not only permitted

for the first time a continuous analysis of the southern hemisphere

from June 1963 to March 1964 up to a latitude of 65 ° 8, but also

demonstrated the usefulness of uniform and continuous data

coverage over thA entire quasi-globe. A warm area over the I_dian

Ocean_ though initially small, seems to play a similar role in the

southern winter as the Aleutian warm center during the northern

winter. During winter 1963, this warm region grew out of a dis-

turbance in the isotherms during June and finally divided the

entire stratosphere of the winter hemisphere into a '_arm '" and

"cold" portion with the warm portion located between Africa ar_

AustraiAa. Temperature differences between these warm and cold
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areas amounted to abo,,t 15°K and disappear with the warming of the

South Pacific area during late October, gi_,in_ way to the homo-

geneous summer 9a'tern. Similarly, there is no homogeneous ¢inter

pattern in the northern hemisphere. A large region over the

North Pacific does not cool off as rapidly after the equinox as

the rest of tbe stratosphere. Just before the solstice, this

region becomes well established and intensifies in the area where

the Aleutian anticyclone is usually found.

The morphology of a stratospheric warming over southwestern

Asia and its penetration to Eurone was obsarved by the satellite

Indicating that heating of possibly 20OK penetrated down to at

least 20 km over the center of the warm.ng, but at the periphery

warming of perhaps somewhat greater msgnitude remained at altitudes

above 30 km. The persistent c!!matologtcal tnhom6geneities of

warm cells over both winter hemispheres lead to the speculation

that during winter the stratospheric temperatures may be influenced

by radiation from underlying surfaces, while during summer solar

, heating is dominant.

A study was also made of the effect of how high altitude

clouds ou the measured temperatures, since _ne weighting functions

(Figure 2b) are not negligible at 10 km. The result indicated that

very large and high cloud systems such as hurricanes do decrease

the measured temperatures by as much as 10°K if the clouds react,

._ above 10 kn and by less than 4°K If the clouds, filling the field

of view are at 6 km_ but it was shown thai such effects are only

isolated and are averaged out by the weekly analyses which formed

the basis for this investigation.

!
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FIGURE CAPTIONS

' Fig. l(a) Effective spectral response of the TIROS VII 15_ channel
:_ _ function of wavelength.

Fig. l(b) Aver:,ge quasi-global equivalent blackbody temperatures
vs, time. The heavy dashed curve ind_cat_ the derived

i apparent degradation in the instrumental response.

_ig. 2(a) Typical temperature profiles based on proposed supple-
_; ments to the "U. S. Standard Atmosphere 1962" for 60 °

North s_umer, 60 ° No. th winter (_arm and cold) and
15 ° North. The '_arm" and "col,_" :_mperature profiles
for 60 ° N ("high latitude _inter") c_n be consl._ered

_ t, pical at these latitudes depending cn the state of
the stratosphere in these regions. The supplements

1 to the U. S. Standard Atmosphere 1962 are in the
process of preparation by the U. S. Committee for
Extension of the Standard Atmosphere and were summarized
by Cole, et al (Reference 16).

Fig. 2(b) Weighting functions _(h), applying to the measured
outgoing radiance _; nadir angle = 0 °.

Fig. 2(c) WeXghti_,. .unctions, _(h), applying to the measured
outgoing radiance _; nadir angle = 58 ° .

Fig. 3(a) Quasi-global map of 15u equivalent blackbody temperatures
averaged over the week 19-25 June 1963; nadir ancie
0o-40 u. Radiatiov data cannot be obtained outside the
area enc!oced by the dashed border.

Fig 3(b) Quasi-global map of 15_ equivalent blackbody temperatures
averaged over the week 19-25 June 1963; nadir angle
520-58 ° . Radiation data cannot be obtained outside the
area enclosed by the dashed border.

Fig. 4 Quasi-global map ef 15_ equivalent blackbody temperatures
averaged over the week 11-1_ September 1963; nadir angle
0o-40o. Radiation data cannot be obtained outside the
area enclosed by the dashed border.

Fig. 5 Quasi-global map of 15_ equivalent blackbody temperatures
averaged over the week 25 September-1 October 1963; nadir
angle 00-40 ° . Radiation data ca,not be obtained outside
the area enclosed by the dashed border.
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FIGL_I'_ CAPTIONS (Continued)

Fig, 6 Quasi-global .,nap of i5_ equivalent bls, ckbody temperatures
averaged cver the week 20-26 November 1963; nadir angle
0°_-40°. Radiation data cannot be obtained outside the

area _nclosed by the das*_ed border.

Fig. 7(a) M_p frcnv_the North Pacific to the North At!_ntic of 15_
equivalent blackbody temperatures averaged over the week
5-4.2 December 1963; nadir angle 0°-40 o.

Fig. 7(b) Map from the North Pacific to the North Atlantic of 30 mb;
ai _ temperatures measured D¥ radiosonde b_lloons
averaged over %he week 5-12 December 1963 (Reference ]6).

Fig. 8(a) quasi-alobal map of 15_ oqulvalen% blackbody temperatures
averaged over the week of 1,5-29.January 1964_ nadir
....• no iN0_:,_e ....4_., Badiatlon data cannot be obtained outside
the area enclosed by the dashed border.

Fig. 8(b) Quasi-global map of 15_ equivalent blackbody temperatures
averaged over the week ].5-22 January; 1964; nadir angle
520-58 ° . Radiation data cannot he obtained outside the

area enclosed by the dashed border.

Fig..9(a) Quasi-global map of 15_ ecu[valent blackbody temperatures
• averaged over the week 22-29 January, 1964; nadir angle

0°-40 °. Radiation data cannot be obtained outside the
area enclosed _; the dashed border.

Fig, _(b) Regioual map of 15 u equivalent blackbody temperatures
averaged ever the week 22-29 January 1964; nadir angle
52°--h8°. The effects of a stratospheric warming over
Eastern Europe are illu3t'a%ed. Ne essential change In
the temperatures occurred in other areas of the quasi-
globe relative to F_j,'are 8(b).

Fig. I0 R%g:on_l map of %he dlfferene£_ between the iS_ eq %-
valent biackt_,dy temperat,,res measured on 27 January
1964 a_d those averaged over the week 9-15 January;
nadir _ngle 00-40 ° . The effects of a stratospheric
warming over E_tern Et_rope are ill _strated.
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FIGS_tE CAPTIONS (Continued_

Fig, lt(a) Quasi-glob_ map _f 15_ equivalent blackbody temperatures
i averaged over the week 31 January-8 February 1964_

nadir angle 00-40o° Radiation data cannot be obtained
outsi_e the area enclosed by _he dashed border.

Fig. ll(b) Quasi-global map cf i5u equivalent blmekb'_dy temperatures

averaged ov-_ the week 31Jam_acy-8 February 1964; nadir
angle 520-58o° Radiatlon dat_ cannot be obtained out-
side %he area enclosed by the dasbed border.

Fig. 12 Quasi-global map of ].5_ equivalent blackbody temperatures
_veraged ever the week lS-25 _arch_ 1964; nadir angle
00-40 ° . Radiaticn data c_nnot be obtained outside the

?rea enclosed by the dashed border°
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